Abstract The large-scale genome-wide association studies conducted so far identified numerous allelic variants associated with type 2 diabetes (T2D), coronary heart disease (CHD) and related cardiometabolic traits. Many T2D-and some CHD-risk loci are also linked with metabolic traits that are hallmarks of insulin resistance (lipid profile, abdominal adiposity). Chromosome 9p21.3 and 2q36.3 are the most consistently replicated loci appearing to share genetic risk for both T2D and CHD. Although many glucose-or insulin-related trait variants are also linked with T2D risk, none of them is associated with CHD. Hence, while T2D and CHD are strongly clinically linked together, further ongoing analyses are needed to clarify the existence of a shared underlying genetic signature of these complex traits. The present review summarizes an updated picture of T2D-CHD genetics as of 2013, aiming to provide a platform for targeted studies dissecting the contribution of genetics to the phenotypic heterogeneity of T2D and CHD.
Introduction
The global epidemic of type 2 diabetes (T2D) and associated cardiovascular diseases is increasing tremendously despite great efforts in prevention and treatment [1] . Cardiovascular diseases, especially coronary heart disease (CHD), represent the leading cause of death worldwide [2] and alarming projections for upcoming years require new and more effective strategies [3] .
Better understanding of mechanisms underlying disease etiology and disease pathogenesis is the sine qua non to move forwards and is a major goal of recent genetic studies on T2D and CHD [4] . Both T2D and CHD constitute the paradigm of common complex traits and have been an exciting and highly productive arena in the field of genetics: the last decade witnessed an impressive growth of available information about the genetic architecture of T2D and CHD. Interestingly, the growing amount of available information has revealed many apparently overlapping genetic signals that share association with T2D and CHD, especially in and near chromosome 9p21.3 [5] [6] [7] [8] [9] and 2q36.3 [10, 11] , and at several other loci harbouring variants associated with fasting glucose or insulin and other cardiometabolic traits (for instance, levels of lipids and anthropometric measures) that increase risk for CHD and/or T2D [12•, 13] .
The present review will outline and discuss the results from large-scale association analyses for T2D [14•] , CHD [15•] and glycemic traits [12•] published in the last year (2012-2103), and integrate the evidence on chromosomal regions at 9p21.3 and 2q36.3 loci to provide a plausible, though not exhaustive, explanation at the genetic level of the common soil underlying CHD, T2D and associated metabolic traits.
Recent type 2 Diabetes Genome-Wide Association Studies
In 2012, the DIAbetes Genetics Replication and Meta-analysis Consortium published the largest to date association analysis for T2D (DIAGRAMv3) [14•] . The study, combined with the 2011 genome-wide association study (GWAS, see the glossary in Table 1 ) of Cho et al. [16] in roughly 55,000 East Asians, brought to 65 the number of independent T2D susceptibility loci (Table 2) , thus further extending an effort begun a few years ago [17] to unveil the common allelic architecture of T2D. The strategy took advantage of the experience accumulated in the field of GWAS and the availability of the Metabochip custom array [18] for cost-effective follow-up genotyping. The case-control, two-stage DIAGRAMv3 metaanalysis was conducted in nearly 150,000 subjects (34,840 T2D cases and 114,981 controls) mostly of European ancestry from 38 independent cohorts. The study found ten new T2D variants of modest effect size in or near ZMIZ1, ANK1, KLHDC5, TLE1, ANKRD55, CILP2, MC4R, BCAR1, HMG20A and GRB14. Linkage disequilibrium (LD) analysis and previous reports showed that the lead SNP at many of these loci was also associated with T2D-related metabolic traits that overlap CHD risk factors such as body-mass index (BMI), waist circumference, and insulin resistance (MC4R), triglyceride concentration (MC4R, CILP2), waist-to-hip ratio (WHR) (GRB14), HDL-cholesterol (GRB14, CILP2) and total-cholesterol (CILP2). Interestingly, as clearly shown in Fig. 1 and thoroughly detailed in the following sections, there is also compelling evidence that specific T2D loci on chromosome 2q36.3 and 9p21.3 harbour allelic variants in close proximity to each other and genomic regions associated with increased CHD risk.
Recent Coronary Heart Disease GWAS
As detailed in Table 2 the number of loci currently known to be associated with coronary heart disease at genome-wide significance level have reached 45, thanks to the joint effort undertaken by the CARDIoGRAM-C4D Consortium on a sample of nearly 200,000 individuals (63,746 CHD cases and 130,681 controls in Stage1+Stage2) [15•] . This study, Table 1 Glossary of unfamiliar terms used in the review SNP: A single nucleotide polymorphism (SNP) is a single base-pair change in the DNA sequence and is a class of common human genetic variations [47] . A genetic variant is usually considered as "common" if its Minor Allele Frequency (MAF) is over 5%, i.e. the less frequently inherited allele on one of the two DNA strands has a prevalence over 5% in the population of interest. Linkage Disequilibrium: The difference between the expected and the observed frequencies of two SNPs under the assumption of independence is a common way to determine and measure the structure of haplotypes in genetic linkage analysis. This probability is called linkage disequilibrium (LD) and is expressed as a correlation coefficient (r 2 ) between pairs of SNPs, with r 2 ranging between 0 and 1. The higher the r 2 , the higher the probability that two SNPs are nonrandomly inherited together during recombination. GWAS: Genome-wide association study. GWAS have become global scientific efforts begun over 10 years ago to analyze DNA sequence variations and to identify their possible association with common diseases by a hypothesis-free approach. For a general overview of basic principles, experimental design and overall computational strategy underlying GWAS we recommend the recent publication of Bush et al. [48] . Lead SNP: is the representative variant in a genomic region (or "locus") most significantly associated with the disease or trait in a GWAS. As a general agreement, the lead SNP "tags" (or is a "tag-SNP") an LD region and is named as being associated with the nearest known gene at the locus, if any. Further mapping and function studies are also required to determine if the lead SNP at a locus is actually associated with the named gene or has any molecular functional significance related to the disease or trait being studied. Statistical significance in GWAS: Since currently available GWAS genotyping platforms allow to test millions of SNPs together against one or more traits of interest across thousands of individuals, the agreement of what has to be considered statistically significant (i.e. accepted as true association rather than happened by chance) takes into account the nominal Pearson's statistical significance threshold (0.05) and the number of apparently independent association tests in the human genome. It is estimated that in individuals of European ancestry there are about 1 million uncorrelated ("independent") common SNPs, hence, the resulting threshold is 5x10 -8 or 0.05 divided by 1 million.
Pleiotropy: Describes a single genetic variant or multiple variants at the same locus that affect one or more phenotypic traits. If such genetic variation acts as possible underlying cause for an observed crossphenotype association, then pleiotropy occurs [37] . 
T LIPA published in early 2013, confirmed previous findings [11, 19] , discovered 15 new genome-wide significant loci and tested them by a thorough association analysis with traditional CHD risk factors. Twelve loci (APOB, ABCG5-ABCG8, PCSK9, SORT1, ABO, LDLR, APOE and LPA) showed genome-wide significance for association with at least one lipid trait in the expected direction. The CHD-raising allele was also associated with abnormal lipid levels, the strongest association being with LDL-cholesterol; CYP17A1-NT5C2, SH2B3, GUCY1A3, FES and ZC3HC1 were associated with blood pressure; CYP17A1-CNNM2-NT5C2 and RAI1-PEMT-RASD1 loci were associated with BMI and WHR. Notably, there was no overlap with specific T2D or glycemic trait-associated variants (fasting insulin, fasting plasma glucose, HOMA-B and HOMA-IR) for any of the SNPs analyzed ( Fig. 1 ). Taken together, the overall spectrum of 65 T2D and 45 CHD genome-wide associated common variants explain only a small fraction (~10% each) of disease heritability, thus leaving a large unfilled space under the umbrella of the common variant/common disease hypothesis [20] . Indeed, a great proportion of common genetic variance is predicted to occur in non-coding 
Candidate overlapping regions at chromosome 9p21.3 and 2q36.3 are highlighted in bold. Though not genome-wide significant, rs2943634 has been included as putative independent signal historically 3 associated with CAD risk in 2q36.3 locus.
regions at the level of structural variation, such as deletions, insertions, inversions and copy number variants, which might be imperfectly tagged or underrepresented in current GWAS arrays [21] . Large scale sequencing studies currently underway may help to fill in some of the unfilled space under the umbrella of the genetic basis of T2D and CHD by identifying less common or regulatory variants underlying these diseases.
Recent Glycemic Quantitative Traits GWAS
Valuable details concerning quantitative risk factors were added to the overall picture in 2012 by two large-scale association analyses from the Meta-Analyses of Glucose and Insulin-related traits (MAGIC) Consortium [12•, 22 •] that further enlightened our understanding of the genetic determinants of overlapping risk factors for T2D and CHD (see Table 3 ). ); loci reaching genome wide significance for association with both T2D and quantitative traits are marked by an asterisk (*). Chromosome 2q36.3-IRS1 is a starred locus also linked with detrimental levels of other cardiometabolic traits (for instance, higher triglycerides-to-HDL cholesterol ratio or low subcutaneous-to-visceral fat ratio) and harboring a variant (rs2943634) strongly associated with increased CHD risk (p=1.61x10 -7 , Samani NJ et al. NEJM 2007-PMID: 17634449) [11] . The chromosome, 2q36.3-IRS1 locus, lying at the convergence of A, B and C sets, is a joint T2D_CHD locus. Chromosome 9p21.3 is a locus at the intersection of A and C sets characterized by two contiguous but distinct haplotype blocks harboring variants associated with T2D or CHD and separated by a recombination peak. A potential overlap of a T2D SNP lying in the CHD block at 9p21.3 makes this locus a promising candidate for a shared genetic risk for both T2D and CHD The joint meta-analysis by Manning et al. [22•] in nearly 100,000 non-diabetic subjects of European ancestry investigated the genetic variability of insulin resistance by testing on a genome-wide basis the interaction of body mass index with fasting glucose and insulin. Based on previous experience from MAGIC [23] a new computational approach accounting for potential interactions between BMI and genetic variants was applied, enabling the discovery of 13 previously unknown SNPs associated with fasting insulin (FI) or fasting glucose (FG) at genome-wide significance. Among the FI-loci, the lead SNP in or near IRS1, COBLL1-GRB14, PDGFC or LYPLA1 was also associated with an increased risk for T2D (Fig. 1, Table 3 ), the strongest signal being for the chr2q36.3-IRS1 locus (rs2943634). Notably, as detailed in Table 3 , the risk allele of most of the FISNPs identified were also associated with metabolic phenotypes related to insulin resistance and CHD risk (for instance, detrimental lipid profile, higher WHR). None of the FG-loci showed association with any insulin resistance-cardiometabolic trait, and only ARAP1 was associated with T2D (Table 3) .
These results are complementary to the GWAS conducted by Scott et al. , associated with FG and lying, respectively, in or near OR4S1 and DPSYL5 genes); 34 of them are also at least nominally associated with increased T2D risk (Fig. 1) , and most of the FIraising loci showed directionally consistent associations with abdominal obesity and/or higher triglycerides-to-HDL cholesterol ratio (Tg/HDL) ( Table 3) .
The Chromosome 2q36.3-IRS1 Locus
The evidence described above suggests that loci associated with signatures of insulin resistance are fairly good candidates mechanistically linking the overlap between T2D, CHD and glycemic quantitative traits. As pointed out in Fig. 1 and Fig. 2 , one of the most promising regions is a large locus spanning~593 kb located on chromosome 2q36.3 and harbouring the IRS1 gene, a key mediator along the insulin signaling pathway. Over the past few years many large-scale association studies from different research groups including Manning et al. and Scott et al. led to the identification of a cluster of SNPs (rs2943634, rs2043640, rs2943641, rs2943650, rs2972146, rs2943645) in high LD with each other (0.75<r 2 <1.00; 1000 Genomes Pilot 1 CEU population) and associated with T2D, CHD, increased FI, higher Tg/HDL and/or low subcutaneous-to-visceral fat ratio [11, 12•, 13, 14•, 22•, 25, 26] . A recent basic science report by Li et al. [27] also clarified that these variants are located in two major sites 600 kb and~1 Mb downstream from the IRS1 gene promoter and might physically regulate IRS1 gene expression by looping interactions, explaining how putative regulatory regions far from IRS1 might regulate insulin sensitivity. The variant rs2943634 deserves a special mention ( Fig. 2A) as the only one SNP discovered so far in 2q36.3 region directly associated with increased CHD risk -though at slightly below genome-wide significance (p=1.61x10 -7 ) by the WTCC and Cardiogenics Consortium GWAS effort in 2007 [11] .
That said, since insulin resistance and its associated traits have also been proposed as common pathophysiological background underlying CHD risk and the diabetic atherogenic context [28] , Lim et al. [29] early in 2013 further investigated whether the genetic variation at 2q36.3 locus might also affect CHD risk via subclinical atherosclerosis in a sample of 2,740 Framingham Heart Study participants. The study examined The 55 loci harboring one or more allelic variants associated with glycaemic traits are shown according to the nearest known gene(s). +/−, effect direction of the glycemic trait raising allele; T2D, type 2 diabetes; Tg, triglycerides; HDL-C, HDL-cholesterol; BMI, body mass index (Kg/m 2 ); WHR, waist-to-hip ratio; FI, fasting insulin; FG, fasting glucose; 2hGlu, 2-hour post-challenge plasma glucose concentration the cluster of SNPs described above along with 195 additional genotyped or imputed SNPs in 2q36.3 locus, testing them for association with subclinical atherosclerosis traits, but failed to find any correlation, despite an adequate sample size and detailed phenotypic characterization. The only significant association between rs10167219 (r 2 with rs2943634 = 0.07) and anklebrachial index (ABI) was not confirmed after a validation step in a larger ABI meta-analysis [30] .
On the other hand, Bacci et al. [10] found that functional candidate variants of insulin signaling genes, including IRS1 G972R (rs1801278) (regional plot shown in Fig. 2B ), ENPP1 K121Q (rs1044498) and TRIB3 Q84R (rs229549), summed in a genetic risk score (GRS), jointly nominally predicted a composite endpoint of incident cardiovascular events in a sample of 733 type 2 diabetic patients. The GRS was also associated with decreased insulin sensitivity, and functional analysis in human vascular endothelial cells (HUVEC) (associated with coronary heart disease (CHD), type 2 diabetes (T2D), fasting insulin, waist circumference and triglyceride/HDL cholesterol ratio, all r 2 >0.75), but in low LD with rs10167219 (ankle brachial index, r 2 =0.05). At IRS1, SNP rs1801278 (CHD, insulin resistance) is~593 kb from rs2943634 and not in LD with any 2q36.3 SNP. Note the low LD and scarcity of SNPs in and around IRS1, indicating relatively high conservation (low variation) of base pairs around this important gene. The bottom panel illustrates the chromosome 9p21.3-CDKN2A/B locus, with the region of SNPs associated with CHD (left hand panel) separated from the region of SNPs associated with T2D (right hand panel) by a large recombination peak (blue line). The lead SNP for CHD (rs1333049) is only~8.6 kb from but essentially uncorrelated with the lead SNP for T2D (rs10811661, r 2 =0.009). However, a potential additional SNP associated with T2D, rs944801, lies in the CHD region and is modestly correlated with rs1333049 (r showed that the GRS was inversely related with insulinstimulated nitric oxide synthase activity.
Hence, depending on the outcome measured, whether atherosclerotic plaque formation or coronary heart disease events, current insights on 2q36.3 locus are still far from conclusive with much remaining to be understood at a mechanistic level.
The Chromosome 9p21.3 Locus
As shown in Fig. 1 and Table 2 , only two of the 65 T2D genome-wide associated loci [14•, 16] , but none of the common variants at these loci, clearly overlap any of the 45 CHD loci [15•] . The example provided by 9p21.3 locus, a large genomic region spanning~53 kb, is paradigmatic in this sense, owing to its unique haplotype structure (Fig. 2B) . Notably, this locus is associated with both CHD and T2D in European ancestry individuals [5, [7] [8] [9] and also in Chinese Han individuals as shown in 2011 by Cheng et al. [6] .
The 9p21.3 locus has been extensively studied over the past years and has been historically primarily linked with an increased risk of CHD and myocardial infarction [11, 31] , as confirmed by the recent GWAS conducted by CARDIoGRAM-C4D Consortium [15•] . The numerous CHD-associated SNPs identified so far in this interval are characterized by high LD with each other, thus representing a distinct region robustly associated with CHD. In 2013 additional insights in the haplotype structure of this CHDrisk interval have become available. In a case-control study conducted in nearly 3,700 non-diabetic white subjects, Fan et al. [32] successfully showed that atherosclerotic plaque formation is determined by a set of allelic variants physically distinct from the haplotype that predicts MI, namely, vulnerable plaque rupture and thrombosis. The 9p21.3 locus does not house protein-coding genes; the closest, CDKN2ABS1, CDKN2A/B, and ABO, are 120 kb from the principal index SNP at the locus. As well highlighted by a recent editorial by McPherson [33] , a mechanistic explanation to unambiguously clarify the contribution of 9p21.3 CHD-associated SNPs to atherosclerosis and MI is still missing. Long range regulatory interactions with distant coding regions, tissue-specific effects of 9p21.3 CHD susceptibility SNPs and interactions with inflammation have been hypothesized [34] , but current results are conflicting and a clear mechanistic model for the genetic effects at this locus remain to be identified [35, 36] .
With respect to T2D risk, as found by Morris et al. [14• ], chromosome 9p21.3 also encompasses variants strongly associated with T2D (Table 2 ) and spatially arranged in a very tight genomic region adjacent but distinct from that harbouring the CHD-associated SNPs. As shown in Fig. 2C -D, it is well ascertained that the haplotype structure of 9p21.3 locus stands on two main regions or "blocks" [8] : one large segment spans roughly 44 kb and hosts the CHD LD region (lead-SNP: rs1333049); on the other side of a recombination peak lies a 4kb T2D-associated block (lead-SNP: rs10811661). The LD between the respective lead-SNPs of T2D and CHD blocks [15• ] is very low (r 2 <0.009; 1000 Genomes Pilot 1 CEU population). The two regions have a low chance of mixing together during recombination, thus suggesting a distinct pattern of inheritance.
However, the DIAGRAMv3 GWAS identified an additional lead SNP at a putative independent secondary T2D signal (rs944801; r 2 =0.01 with rs10811661) [14•] within the CHDhaplotype block (Fig. 2C) . This T2D-associated SNP is in modest LD (r 2 =0.35) with the CHD lead-SNP (rs1333049), thus indicating a potential region close to the CDKN2A/B genes jointly affecting CHD and T2D.
Functional studies to parse in depth the contribution, if any, to both T2D and CHD of this and other variants within 9p21.3 locus is a challenging task that is worth pursuing further.
Summary
Large-scale GWAS have been a powerful tool to uncover common genetic signatures strongly associated with common complex diseases like T2D, CHD and associated cardiometabolic traits. Here we reviewed the most recent findings in this field, highlighting the hitherto confirmed overlapping associations among T2D, CHD and glycemic trait susceptibility loci.
The papers in the last year by the DIAGRAM, Cardiogram-C4D and MAGIC consortia showed that a few GWASdiscovered loci overlap both T2D and CHD risk, and for quantitative traits, a larger fraction of glycemic trait raising alleles are also associated with T2D risk and CHD quantitative risk factors. In particular, FI-raising alleles show a directionally consistent link with increased T2D risk and adverse lipid and anthropometric measures. These results suggest that many FI-associated loci represent insulin resistance loci that potentially provide a genetic underpinning for joint T2D-CHD risk. The 2q36.3-IRS1 locus in particular has emerged as a crossroad for signals associated with T2D-CHD risk. However, a firm and comprehensive functional explanation of the role played by 2q36.3-IRS1 remains to be shown, especially towards CHD risk. For instance, 2q36.3 locus harbours variants that, taken together, seem to play heterogeneous genetic effects on atherosclerotic plaque formation/ rupture [10, 29] . Interestingly, compelling evidence exists for the association between cardiovascular events and the candidate functional variant IRS1 G972R (rs1801278) [10] . Unfortunately, this variant lacks GWAS confirmation despite being quite common (MAF 5.4%), probably because no proxy for rs1801278 mapping in or near other known variants in 2q36.3 locus is presently available in any available SNP data set. Thus, absence of evidence for a clear role of this variant is due to absence of evidence, not evidence of no role. Genotyping of this variant in large, independent samples is needed for firm confirmation of this coding variant's role in CHD risk.
The role of the 9p21.3 locus on T2D-CHD risk needs further elucidation, as well. It has a peculiar haplotype structure organized in two contiguous but distinct blocks conferring risk, respectively, for T2D and CHD/MI. However there appears to be a variant, rs944801, that may be an independent secondary T2D signal amidst the CHD-haplotype block. Targeted confirmatory association and functional studies are needed to further investigate joint risk of T2D-CHD in this haplotype block.
Implications and Future Directions
A number of possible confounding elements may explain why association results should be taken with, perhaps, a grain of salt [21, 37, 38••] . First, as pointed out by Wray et al. [38••] , GWAS are capable, by design, to explain only a small fraction (currently 10%, on average) of disease heritability and are intrinsically underpowered to uncover the "missing inheritance" carried by rare and low-frequency variants; second, the nature of the association is essentially statistical and in most cases doesn't tell much about the functional effect, if any, of the SNPs identified, thus limiting the predictive power of the loci discovered so far [21] ; third, most of the GWAS SNPs lie in non-coding DNA regions and might work as regulatory or chromatin-modulating variants with unknown distant cis/ trans effect on gene expression [37] ; and finally, possible limitations including imperfect tagging due to insufficiently dense SNP arrays cannot be excluded.
Another possibility is that diabetic and non-diabetic individuals might have distinct mechanisms of CHD risk. For instance, an increased burden of T2D-associated GWAS risk variants is associated with cardiovascular disease risk in individuals with T2D [39] , but CHD risk at chromosome 9p21.3 is only raised in T2D among those with elevated HbA1c levels [40] , and the recently discovered variant on chromosome 1q25 associated with glutamic acid metabolism and CHD risk in T2D has not been observed in large scale non-diabetic CHD GWAS [41] . Further dissection of the joint genetic association of T2D and CHD versus the interaction of T2D on genetic risk for CHD will require additional careful untangling in large scale association studies and follow-up functional and physiological studies.
Future research might also focus on pleiotropy analyses of variants with less stringent evidence for genome-wide significance. For instance, as detailed in Table 3 , the link between glycemic trait raising alleles with lipids and BMI is physiologically consistent and statistically convincing for "true" associations, though in most cases not strong enough to reach p<5x10 8 . Whether these loci that appear to be associated with more than one trait are true pleiotropic loci or more a function of the known trait correlations (that is, greater adiposity is a well-known correlate of insulin resistance) remains to be elucidated. In addition, studies that leverage extended genealogy [42] to catch more of the "missing heritability" and improve polygenic risk prediction [43••] combined with targeted re-sequencing and fine-mapping studies of confirmed loci like 2q36.3 and 9p21.3 may also help to untangle the joint association of T2D-CHD [44••] .
Furthermore, increasing the prior probability to find "true" associations would be of paramount help. To this end it might be wise to focus on studies of carefully selected, deeply phenotyped population samples with a priori stronger genetic background like early-onset diabetes [45] or cohorts free of confounding factors like long standing (sub)diabetic hyperglycaemia [46] . The availability of detailed assessments of beta-cell function and insulin sensitivity (instead of surrogate markers) as well as the accessibility of tissue-and cellrepositories within these population samples will also provide the unique opportunity to mechanistically unravel the genetic signature of T2D and/or CHD.
Greater understanding of the genetic associations underlying T2D-CHD risk in the setting of a global pandemic of T2D and CHD is a timely challenge for improved population health and the sustainability of healthcare systems. The tremendous abundance of discoveries made by large-scale association studies published in 2012-2013 now needs further translation into mechanistic insights and improved clinical practice. However, this promise for discoveries achieved in the field of diabetes and cardiometabolic disease genetics is becoming ever closer.
